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ABSTRACT
We apply a simple axisymmetric disc model to 218 Galactic Cepheids whose accurate
measurements of the distance and velocities are obtained by cross-matching an existing
Cepheids catalogue with the Gaia DR2 data. Our model fit determines the “local
centrifugal speed”, Vc—defined as the rotation speed required to balance the local
radial gravitational force—at the Sun’s location to be Vc(R0) = 236 ± 3 km s
−1 and
the Sun’s azimuthal and radial peculiar motions to be V⊙ = 12.4 ± 0.7 km s
−1 and
U⊙ = 7.7 ± 0.9 km s
−1, respectively. These results are obtained with strong priors
on the solar radius, R0 = 8.2 ± 0.1 kpc, and Sun’s angular rotation velocity, Ω⊙ =
30.24±0.12 km s−1 kpc−1. We also applied the axisymmetric model to mock data from
an N-body/hydrodynamic simulation of a Milky Way-like galaxy with a bar and spiral
arms. We find that our axisymmetric model fit to the young stars recovers the local
centrifugal speed reasonably well, even in the face of significant non-axisymmetry.
However, the local centrifugal speed determined from our Cepheid sample could suffer
from systematic uncertainty as large as 6 km s−1.
Key words: Galaxy: fundamental parameters — Galaxy: solar neighbourhood —
Galaxy: disc — Galaxy: kinematics and dynamics — stars: variables: Cepheids —
methods: numerical —
1 INTRODUCTION
The circular velocity at the location of the Sun is a funda-
mental parameter in the determination of the distribution of
the total mass in the Galaxy. However, measuring the circu-
lar velocity at the Sun is not a straightforward process, and
different measurements provide systematically different re-
sults (see Bland-Hawthorn & Gerhard 2016, for a review).
The Sun’s rotation velocity with respect to the Galacto-
centric rest frame, Ω⊙, is most reliably measured as the
proper motion of Sgr A∗, assuming that Sgr A∗ is fixed at
the Galactic centre. Using Very Long Baseline Interferome-
try (VLBI), Reid & Brunthaler (2004) measured the proper
motion of Sgr A∗ with respect to a background quasar, and
obtained Ω⊙ = 30.24 ± 0.12 km s
−1 kpc−1. However, the dis-
tance to the Galactic centre, R0, and the difference between
the circular velocity, Vcirc(R0), and the Sun’s rotation speed,
Vφ,⊙ = Ω⊙R0, remain challenging measurements. Various
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measurements of R0 are converging to around R0 = 8.2 ±
0.1 kpc (Bland-Hawthorn & Gerhard 2016). However, there
are still systematic differences between the measurements
(de Grijs & Bono 2015; Bland-Hawthorn & Gerhard 2016).
The difference between Vcirc(R0) and Vφ,⊙ is referred to as the
Sun’s peculiar rotation velocity, V⊙ = Vφ,⊙ − Vcirc(R0), and
evaluated using different kinematic tracers combined with
Galactic disc dynamical models.
Star forming regions or young stellar populations are of-
ten used to perform this measurement, because their mean
rotation velocity is believed to be close to the circular ve-
locity, i.e. asymmetric drift can be ignored. For example,
using the accurate astrometric measurements of about 100
high-mass star forming regions, Reid et al. (2014) measured
V⊙ = 14.6 ± 5.0 km s
−1 with R0 = 8.34 ± 0.16 kpc (see also
Honma et al. 2012).
Classical Cepheids are also considered to be a good
kinematic tracer for this purpose, because of their young
age (20−300 Myr, e.g. Bono et al. 2005) and accurately-
measured distance based on the well-known period-
luminosity relation (Inno et al. 2013). Feast & Whitelock
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(1997) combined the proper motions measured by Hipparc-
cos and the photometric distances of 220 Galactic Cepheids,
and determined V⊙ = 11 km s
−1 and the angular veloc-
ity of circular rotation at the Sun, Ωcirc = Vcirc(R0)/R0 =
27.19 ± 0.87 km s−1 kpc−1 assuming R0 = 8.5 ± 0.5 kpc.
Recently, Bobylev (2017) combined the distance and line-
of-sight velocity in Mel’nik et al. (2015) with the proper
motions from the first Gaia data release (Gaia DR1,
Gaia Collaboration et al. 2016a,b; Lindegren et al. 2016) for
249 Cepheids, and obtained V⊙ = 11.73 ± 0.77 km s
−1 and
Ωcirc = 29.04 ± 0.71 km s
−1 assuming R0 = 8.0 kpc.
It is important to note that the kinematics of both
star-forming regions and young stars like Cepheids is likely
systematically affected by their environment, like the spi-
ral arms which trigger star formation (e.g. Baba et al. 2009;
Bovy et al. 2009; McMillan & Binney 2010). Chemin et al.
(2015) demonstrate that the rotation velocity deduced
by the gas terminal velocities can be affected by the
bar and spiral arms, which leads to incorrect determi-
nations of the mean rotation velocity. The stars are
also affected by the bar (e.g. Dehnen 2000), spiral
arms (e.g. Sellwood & Binney 2002; De Simone et al. 2004;
Grand et al. 2012a,b; Baba et al. 2013), and possibly by
the combination of bar and spiral arms (e.g. Quillen 2003;
Antoja et al. 2009; Minchev & Famaey 2010). Trick et al.
(2017) study how the Galactic parameters they determine
with an advanced, action-based Galactic disc dynamical
model are affected by the spiral arms (see also Chemin et al.
2016). They conclude that the dynamical models can be bi-
ased due to the influence of spiral arms, but if the sample of
stars covers a large enough volume (with a radius of at least
3 kpc), the dynamical model can recover the global Galactic
parameters.
The Gaia mission (Gaia Collaboration et al.
2016a) has made its second data release (Gaia DR2
Gaia Collaboration et al. 2018a), which provides accurately
measured astrometry (Lindegren et al. 2018) and line-
of-sight velocities (Cropper et al. 2018; Katz et al. 2018;
Sartoretti et al. 2018) for stars covering a sufficiently large
volume around the Sun. However, as described in detail in
Lindegren et al. (2018); Arenou et al. (2018), the zero-point
calibration of the parallax measurements is still preliminary
in Gaia DR2, and systematic uncertainties are reported by
comparing to other distance measurements, including those
from the Cepheid period-luminosity relations (Riess et al.
2018). Therefore, to use Gaia DR2 parallax measurements
for dynamical models, one must carefully consider the
uncertainties. Also, the line-of-sight velocities in Gaia DR2
are median values of the measurements at the various
epochs, which do not provide an accurate line-of-sight
velocity for variable stars in their rest frame. Hence, in this
paper, we employ the well calibrated Cepheids distances
and line-of-sight velocities from the literature and combine
them with the proper motion measurements from Gaia
DR2. We apply the simple axisymmetric dynamical model
used in Bovy et al. (2012b) to this sample of classical
Cepheids and deduce the Galactic parameters.
We modify the axisymmetric kinematic model of
Bovy et al. (2012b) to fit both the line-of-sight velocity and
the tangential velocity of stars, taking into account the
observational uncertainties in distance and velocity. This
model takes into account the velocity dispersion and asym-
metric drift, which Bobylev (2017) do not. Hence, this model
can also be applied for other kinds of stellar tracer popu-
lations. We further discuss how the deduced Galactic pa-
rameters are affected by non-axisymmetric structures and
possible systematic motions of young stars, using an N-
body/Smoothed Particle Hydrodynamics (SPH) simulation
of a Milky Way-like disc galaxy with a bar and spiral arms.
We demonstrate that young stars within 3 kpc from the ob-
server form a suitable sample to recover the “local centrifu-
gal speed”, Vc, which is defined in this paper as the rotation
speed required to balance the local radial gravitational force,
which can be different from the azimuthally averaged global
circular velocity at the radius.
Section 2 discusses the sample of Cepheids used for our
axisymmetric disc model fit, which itself is described in Sec-
tion 3. The results of the axisymmetric disc model fit to
the Cepheids data are shown in Section 4. Section 5 demon-
strates that the axisymmetric model can recover the model
parameters well for mock data created with the axisymmet-
ric disc with known parameters, as expected. Section 6 dis-
cusses the results of applying the axisymmetric model to
the N-body/SPH simulation data of a Milky Way-like disc
galaxy. A summary and discussion of this study are pre-
sented in Section 7.
2 CEPHEIDS DATA
Our sample is taken from Genovali et al. (2014), where dis-
tances to Cepheids are determined homogeneously by us-
ing near-infrared data. Uncertainties in distance modulus
are 0.05 − 0.07 mag for most of the Cepheids. We then
cross-match this sample with the Gaia DR2 proper motion
data (Lindegren et al. 2018). We further cross-match with
a sample of Cepheids whose line-of-sight velocity, V∗
los
, are
provided in Mel’nik et al. (2015). We use V∗
los
here to in-
dicate the full line-of-sight velocity to distinguish it from
its projection onto the disc plane, which is what we use
below. For cross-matching these catalogues, we used top-
cat (Taylor 2005). The cross-match provides 274 Cepheids
with known locations and 3D kinematics. We further limit
the sample based on vertical position with respect to the
Sun, | z˜| < 0.2 kpc. To take into account the error, we define
z˜ = sin(b)10(DM+DMerr−10)/5.0 kpc, where b, DM, and DMerr
are Galactic latitude, distance modulus and uncertainty in
the distance modulus, respectively. This limit was applied
to eliminate clear outliers, because our sample shows a clear
concentration around the Galactic plane, with about 70 %
of the Cepheids located within 100 pc of the mid-plane, as
expected for young stars like Cepheids. To avoid having the
results of our modelling be affected by a few Cepheids at
large distances with larger relative velocity with respect to
the Sun, we also limit the sample to a distance of 4 kpc,
beyond which the number of Cepheids drops dramatically.
These selection cuts leave 218 Cepheids in our sample.
In this paper, we ignore the vertical motion or the thick-
ness of the disc, and only consider the distance and veloc-
ity projected onto the disc plane. Hence, our axisymmetric
model introduced in the next section is a two-dimensional
model in the disc plane. Therefore, we use the heliocentric
velocities projected onto the disc plane, i.e. Vlos = V
∗
los
cos(b),
where V∗
los
is the full line-of-sight velocity. We evaluate the
MNRAS 000, 1–13 (2017)
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Figure 1. Distribution of the Cepheids used for our model fit.
Arrows in the left (right) panel indicate their heliocentric veloc-
ity before (after) subtracting the mean rotation of the best-fit
axisymmetric model.
uncertainty in the two-dimensional velocity, σVglon and σVlos ,
where σVglon and σVlos are the uncertainties of the velocity
measurements in the direction of Galactic longitude, Vglon,
and heliocentric line-of-sight velocity projected on the disc
plane, Vlos, respectively. σVglon was evaluated by taking the
standard deviation of a Monte-Carlo (MC) sampling of Vglon
computed from randomly selected right ascension (RA) and
declination (Dec) proper motions, and distance taken from
randomly selected distance modulus. The proper motions
were sampled using their 2D Gaussian probability distri-
butions with their measured means, uncertainties and the
correlation between the RA and Dec proper motions. The
distance modulus was taken from the Gaussian probabil-
ity distribution with the measured distance modulus as the
mean and their 1 σ uncertainty as the standard deviation.
For most of the Cepheids included, all of these two velocity
errors are less than 4 kms−1 and are roughly comparable
to each other. The distribution of the Cepheids sample is
shown in Fig. 1. The arrows in the left panel of the figure
show the velocities of Cepheid with respect to the Sun.
3 MODEL
3.1 Axisymmetric disc kinematic model
Following Bovy et al. (2012b), we compute the mean and
dispersion of Vlos expected in an axisymmetric Galactic disc
model in the Galactic rest frame, and derive the poste-
rior probability for the parameters of the models by explor-
ing likelihood of the model parameters with Markov-Chain
Monte-Carlo (MCMC). The model is axisymmetric and as-
sumes a Gaussian velocity distribution in the directions ra-
dial and tangential to Galactic rotation with no correlation
between these components, and zero mean radial velocity.
Obviously, these are considered to be simple assumptions
to describe the kinematics of the Galactic disc. However, in
Section 6 we demonstrate that these simple approximations
are sufficient to determine the local kinematic parameters
by applying the model to young stars in a relatively small
region of the disc. Compared to Bovy et al. (2012b) who
only used Vlos, we include the component of the velocity in
the direction of Galactic longitude, Vglon. Because both Vlos
and Vglon contribute to rotational and radial velocities, we
take into account the covariance in the likelihood function,
as shown in Section 3.2.
In the axisymmetric disc model, we only need to con-
sider the mean rotation velocity, Vφ, and velocity disper-
sion in the Galactic rotation, σφ, and radial, σR, directions,
because the mean radial velocity and the correlation be-
tween the two velocity components are zero. The mean ro-
tation velocity is calculated from asymmetric drift, Va, as
Vφ(R) = Vcirc(R) − Va(R), where Vcirc(R) is the circular ve-
locity at the radius R. Following Bovy et al. (2012b), we
assume an exponential disc (stellar density ∝ exp[−R/hR])
and an exponentially-declining radial velocity dispersion
(σR ∝ exp[−R/hσ]). Then the asymmetric drift can be cal-
culated from the Jeans equation
Va(R) =
σ2
R
(R)
2Vc(R)
[
(σφ/σR)
2 − 1 + R
(
1
hR
+
2
hσ
)]
, (1)
(e.g. Binney & Tremaine 2008). We assume that (σφ/σR)
2 is
constant for simplicity. As discussed in Bovy et al. (2012b),
we confirmed that the Galactic parameters we are interested
in are not sensitive to the radial scale length, hR, of radial
density profile or the radial scale length , hσ, of radial ve-
locity dispersion. Here, we fix hR = 20 kpc and hσ = 20 kpc.
These values are inspired from the scale lengths seen for
the star particles in a similar age range as the Cepheids
in our numerical simulation described in Section 6. The as-
sumed hR is much larger than the conventional value for
the Milky Way thin disc, e.g. typical values of hR = 2.5
to 5 kpc found by Bovy et al. (2012a). However, the scale
length for the young stars around the Sun is not well known,
and could be different from that for the old stars. For exam-
ple, Mackereth et al. (2017) analysed the stellar structure of
the Galactic disc as a function of age using data from the
Apache Point Observatory Galactic Evolution Experiment
(APOGEE) data, and found that the younger stars have a
flatter or even peaked radial profiles around the solar ra-
dius. The scale length of radial velocity dispersion profile is
also not well constrained. From the kinematics of old disc
K giants, Lewis & Freeman (1989) showed hσ = 4.37 kpc.
Huang et al. (2016) used red clump stars from APOGEE
and the LAMOST Spectroscopic Survey of the Galactic
Anti-centre and suggested hσ = 16.40 ± 1.25 kpc. The scale
length of the radial velocity dispersion profile for young
stars could be different from those of relatively older stars.
Hence, we use the values obtained from our numerical simu-
lation mentioned above. As a result, our axisymmetric model
can be described with Vcirc(R) = Vφ(R) + Va(R), σR(R) and
(σφ/σR)
2. We also assume that Vcirc follows a linear function
of R with the slope of dVcirc(R0)/dR within the radial range
of our sample. As mentioned above, the velocity dispersion
profile is assumed to be an exponential. We parameterize
the amplitude of the radial velocity dispersion profile with
σR(R0), the radial velocity dispersion at R0. Finally, R0 is
also a free parameter in our analysis.
In the Galactic rest frame, the mean rotational velocity
at the position of the star, Vφ, can be projected onto the line-
of-sight velocity, Vlos, from the observer, i.e. the position of
the Sun, as Vm,los = Vφ sin(φ+ l), where l is Galactic longitude
and φ is the angle between the line from the Galactic cen-
tre toward Sun and the one toward the position of the star,
positive in the direction of Galactic rotation. Following the
same strategy, we can derive the projected longitudinal ve-
MNRAS 000, 1–13 (2017)
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locity from the rotation velocity of the axisymmetric model
as Vm,glon = Vφ cos(φ + l).
The observational data provide the line-of-sight veloc-
ity, Vhelio
los
, and Galactic longitudinal velocity, Vhelio
glon
, with re-
spect to the Sun. Using the solar radial velocity, VR,⊙ (out-
ward motion is positive) and rotational velocity, Vφ,⊙ (clock-
wise rotation is positive, Vφ,⊙ = Vcirc(R0)+V⊙) in the Galactic
rest frame, these velocities can be converted to the Galacto-
centric rest frame as follows.
Vo,los = V
helio
los
− VR,⊙ cos l + Vφ,⊙ sin l, (2)
Vo,glon = V
helio
glon
+ VR,⊙ sin l + Vφ,⊙ cos l . (3)
These values can be compared with the expected ve-
locity distribution of Vm,los and Vm,glon from the model.
Hence, fitting our axisymmetric disc model to the ob-
served data, Vhelio
los
and Vhelio
glon
for the tracer sample,
requires us to explore 7 model parameters, θm =
{Vcirc(R0),V⊙,VR,⊙, σR(R0), (σφ/σR)
2, R0, dVcirc(R0)/dR}. We
choose V⊙ = Vφ,⊙−Vcirc(R0) as a parameter rather than Vφ,⊙,
because we find that our Cepheids sample provides stronger
constraints on the peculiar rotational velocity of the Sun.
This is due to the small velocity dispersion and negligible
asymmetric drift of the sample of Cepheids. In fact, our re-
sult in Section 4 indicates a very small asymmetric drift of
Va(R0) = 0.28 ± 0.2 km s
−1 at R0 for Cepheids.
3.2 MCMC parameter probabilities
We use Bayes’ theorem to find the marginalised probability
distribution function of our model parameters as follows.
p(θm |D) = L(D|θm) × Prior , (4)
where D =
(
Vhelio
los
,Vhelio
glon
)
denotes the whole set of the ob-
served values for all stars in our sample, and θm denotes the
combination of all of the model parameters. We run MCMC
using this p(θm |D). The likelihood function is
L(D|θm) =
N∏
i
1
2π |Ci |
1/2
exp
(
−0.5X Ti C
−1
i X i
)
, (5)
where
X i =
(
Vo,los,i − Vm,los,i
Vo,glon,i − Vm,glon,i
)
. (6)
Here, Vo,los,i and Vo,glon,i are the observed line-of-sight and
longitudinal velocity in the Galactic rest frame for star i,
and Vm,los,i and Vm,glon,i are the expected line-of-sight and
longitudinal velocity in the Galactic rest frame from the ax-
isymmetric model at the location of star i. The covariance
matrix, Ci , is Ci = AiSiA
T
i
, where
Ai =
(
− cos(φ + l) sin(φ + l)
sin(φ + l) cos(φ + l)
)
, (7)
and
Si =
(
σ2
R
0
0 σ2
φ
)
. (8)
To take the observational uncertainties in the distance
modulus, line-of-sight velocity and proper motions into ac-
count, we average each Cepheid’s likelihood over 1,000 MC
samples from the uncertainty distribution of the observed
distance modulus, line-of-sight velocity and RA and Dec
proper motions from Gaussian distributions with their ob-
served values and errors. When sampling the uncertainty
distribution of the proper motions in RA and Dec, we take
the correlation of the RA and Dec proper motion in the Gaia
data into account. This can be described as
L(D|θm) =
N∏
i
∫
p(Dobs,i |Dtrue,i)L(Dtrue,i |θm)dDtrue,i, (9)
where Dobs,i are the observed values for the i-th Cepheid,
and Dtrue,i are the error-free, true values of these observ-
ables predicted by the model. We approximate the integral
of equation (9) with the MC sampling as described above.
We find that R0 is not well constrained by our data (see
Section 4). Hence, we introduce a Gaussian prior for R0 as
follows.
Prior(R0) =
1√
2πσ2
R0,prior
exp
©­«−
(R0 − R0,prior)
2
2σ2
R0,prior
ª®¬ , (10)
where we set R0,prior = 8.2 kpc and σR0,prior = 0.1 kpc from
Bland-Hawthorn & Gerhard (2016). We further use a Gaus-
sian prior for the angular velocity of the Sun, Ω⊙ = Vφ,⊙/R0,
with Ω⊙ = 30.24 ± 0.12 km s
−1 kpc−1, because this is well
constrained by Reid & Brunthaler (2004).
We use the emcee (Goodman & Weare 2010;
Foreman-Mackey et al. 2013) MCMC sampler with 128
walkers and 1,000 chains per walker. We use galpy (Bovy
2015) for coordinate transformations.
4 RESULTS FOR CEPHEIDS IN GAIA DR2
We apply our axisymmetric model fit described in Section 3
to the sample of Cepheids shown in Fig. 1. The marginalised
posterior probability distributions of the model parameters
are shown in Fig. 2, and the mean and dispersion from each
parameter’s probability distribution are summarised in Ta-
ble 1. We refer to the result from this model as the ‘fiducial
model result’. Below, we relax the priors to study the sensi-
tivity of our results to our prior assumptions.
The fiducial model results are similar to those of
Bobylev (2017) who applied a different method to a
similar set of Cepheids data, but using Gaia DR1
(Gaia Collaboration et al. 2016b). It is interesting that the
radial velocity of the Sun deduced from the kinematics
of the Cepheids tends to provide a lower value (VR,⊙ =
−7.7 ± 0.9 km s−1 in our fiducial model result) compared
to the ones from kinematics of red giants (e.g. VR,⊙ =
−10± 1 km s−1; Bovy et al. 2012b) or local dwarf stars (e.g.
VR,⊙ = −11.1
+0.69
−0.75
km s−1; Scho¨nrich et al. 2010). In addition
to the parameters explored in Bobylev (2017), our model fit
provides the velocity dispersion, σR, and the ratio of the
azimuthal and radial velocity dispersion, (σφ/σR)
2, for the
Cepheids sample.
Arrows in the right panel of Fig. 1 show the velocity
of the Cepheids in the Galactocentric rest frame after sub-
tracting the rotational velocity from the best-fit axisymmet-
ric model. There are no obvious systematics in the residual
velocity field which implies that the axisymmetric model is
a reasonable model to describe the average velocity trend in
MNRAS 000, 1–13 (2017)
Galactic Rotation with Cepheids 5
Figure 2. Marginalised posterior probability distribution of our model parameters in our fiducial model. The number in each panel gives
the correlation coefficient.
our sample. As studied in Baba et al. (2018), the residual ve-
locity fields are likely due to the influence of spiral arms and
therefore provide valuable information about the nature of
the spiral arms. Because of the relatively large area covered
by our sample of Cepheids, our model fit is not so sensitive
to the systematic velocity trend around the spiral arms (see
also Trick et al. 2017). Fig. 3 compares the Vhelio
los
and Vhelio
glon
trends with Galactic longitude from the best fit model at dif-
ferent distance with the observed Cepheids kinematics. The
figure demonstrates that the best fit model describes both
velocity components of the Cepheids reasonably well at the
different distances. The grey line in the bottom right panel
in Fig. 3 shows Vhelio
los
obtained from the Oort constants, A,
B and C, determined in Bovy (2017) from the Gaia DR1
proper motion data of nearby dwarf stars with a typical dis-
tance of 230 pc. The grey line is broadly consistent with
our data within the distance of 1 kpc, and with our best fit
model.
We obtain V⊙ = 12.4 ± 0.7 km s
−1 in our fiducial model
result as shown in Table 1. This is consistent with V⊙ =
12.24 ± 0.47 km s−1 in Scho¨nrich et al. (2010) from the Hip-
parcos data of nearby (distance<∼ 200 pc) dwarf stars. How-
ever, this is significantly different from V⊙ = 26 ± 3 km s
−1
MNRAS 000, 1–13 (2017)
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Table 1. Results of the MCMC fit
Fiduciala R0 = 8.2 ± 0.1
b R0 = 8.2 ± 0.4 hR = 2.6 kpc Bobylev (2017)
e
Ω⊙ = 30.24 ± 0.12
c hσ = 4.37 kpc
d
Vc(R0) (km s
−1) 236 ± 3 235 ± 5 240 ± 10 339 ± 3 231 ± 6
V⊙ (km s
−1) 12.4 ± 0.7 12.4 ± 0.7 12.4 ± 0.7 10.0 ± 0.9 11.7 ± 0.8
VR,⊙ (km s
−1) −7.7 ± 0.9 −7.8 ± 0.9 −7.7 ± 0.9 −7.9 ± 0.9 −7.9 ± 0.7
σR (R0) (km s
−1) 13.0 ± 0.6 13.0 ± 0.7 13.0 ± 0.6 14.9 ± 0.7 −
(σφ/σR )
2 0.61 ± 0.09 0.60 ± 0.08 0.61 ± 0.08 0.67 ± 0.10 −
R0 (kpc) 8.2 ± 0.1 8.2 ± 0.1 8.34 ± 0.4 8.2 ± 0.1 8.0 ± 0.2
f
dVcirc/dR (km s
−1 kpc−1) −3.6 ± 0.5 −3.6 ± 0.5 −3.6 ± 0.5 −3.7 ± 0.5 −3.6 ± 1.7g
N 218 218 218 218 249
a Gaussian priors of R0 = 8.2 ± 0.1 kpc and Ω⊙ = 30.24 ± 0.12 km s
−1 kpc−1 are applied.
b Only a Gaussian prior of R0 = 8.2 ± 0.1 kpc is applied, and no Ω⊙ prior is used.
c Gaussian priors of R0 = 8.2 ± 0.4 kpc and Ω⊙ = 30.24 ± 0.12 km s
−1 kpc−1 are applied.
d Same as the fiducial case, but using hR = 2.6 kpc and hσ = 4.37 kpc.
e Results from Bobylev (2017).
f This is fixed.
g This is calculated from R0 = 8.0 ± 0.2 kpc, Ωcirc = 28.84 ± 0.33 km s
−1 kpc−1 and dΩcirc/dR = −4.05 ± 0.10 km s
−1 kpc−2.
Figure 3. Line-of-sight velocity, V helio
los
, (left) and Galactic longi-
tudinal velocity, V helio
glon
, (right) as a function of Galactic longitude
for our sample of Cepheids (error bars) with distances between
3 and 4 kpc (top), 2 and 3 kpc (2nd), 1 and 2 kpc (3rd) and 0
and 1 kpc (bottom). Many samples have uncertainties smaller
than the thickness of the error bars. The solid line in each panel
shows the result from our best fit model using the mean distance
of the data in each panel. The grey line in the bottom right panel
displays V helio
glon
from the Oort constants A, B and C determined in
Bovy (2017). The uncertainty is as small as the thickness of the
grey line.
in Bovy et al. (2012b) who applied the same axisymmetric
model to the APOGEE survey data which covers distances
up to 10 kpc (see also Bovy et al. 2015, who obtained simi-
lar values from the mean velocity field of the APOGEE red
clump stars). As discussed in Bovy et al. (2012b), this may
suggest that nearby stars covered by the Hipparcos stars
have a systematic motion as large as 10 km s−1 with respect
to the local standard of rest, due to a streaming motion
caused by non-axisymmetric structures. Our sample covers
distances up to ∼ 4 kpc, although the majority of stars are
within 3 kpc. It is interesting to find that our results are
still consistent with V⊙ deduced with the solar neighbour-
hood sample within the very small volume covered by the
Hipparcos stars. However, the size of our sample is small,
and we do not think that our result is conclusive enough
to test the scenario of the streaming motion of the solar
neighbourhood sample. Streaming motions and incomplete
phase mixing are now observed in Gaia DR2 (Antoja et al.
2018; Gaia Collaboration et al. 2018b; Kawata et al. 2018).
How these motions affect the deduced V⊙ from the solar
neighbourhood star sample should be tested with a more
advanced dynamical model and careful consideration of sys-
tematic uncertainties in Gaia DR2.
Fig. 2 presents the correlation coefficient of every com-
bination of two parameters at the top-left corner in each
panel. Vcirc(R0) is strongly correlated with R0. To determine
the effect of our prior, we ran the axisymmetric disc model
fit without the prior on Ω⊙. The result is shown in Fig. 4 and
Table 1. Comparison between Figs. 2 and 4 shows a weaker
correlation of Vcirc(R0) with R0 in the R0-prior-only model
(Fig. 4). Hence, the strong correlation between Vcirc(R0) with
R0 is due to our strong prior on the angular velocity of the
Sun, Ω⊙ .
Table 1 also shows the results of a model with a prior on
R0 of R0 = 8.2±0.4 kpc and the same Ω⊙ prior as the fiducial
model. This prior prefers a higher value of R0. This indicates
that our Cepheids data poorly constrain the Galactocentric
radius of the Sun.
As discussed above, the scale lengths hR and hσ for the
young stellar population, like Cepheids, are not well known.
We assumed a large hR = 20 kpc and hσ = 20 kpc, motivated
from our numerical simulation. To estimate the systematic
uncertainty due to this assumption, we ran a model with
much smaller hR = 2.6 kpc (Bland-Hawthorn & Gerhard
2016) and hσ = 4.37 kpc (Lewis & Freeman 1989), as mea-
sured for the older stellar population. Table 1 shows the
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Figure 4. Marginalised posterior probability distribution of our model parameters in the model with only the R0 = 8.2 ± 0.1 kpc prior.
The number in each panel gives the correlation coefficient. Note that the x- and y-axes ranges in each panel are different from Fig. 2.
result of this model. Because of the larger asymmetric drift
expected from equation (1), the deduced Vcirc(R0) becomes
higher, and therefore V⊙ becomes smaller. This provides a
systematic uncertainty of about 3 km s−1 due to the uncer-
tainty in hR and hσ.
5 AXISYMMETRIC DISC MOCK DATA TEST
To validate our MCMC fitting algorithm, we make mock
data using the position of the 218 observed Cepheids and
assign a velocity expected at the location of the Cepheids
from an axisymmetric disc model with known input param-
eters. Then, we create a mock data set by randomly displac-
ing the distance modulus, the line-of-sight radial velocity
and the proper motions using the observed uncertainties of
each Cepheid at each location. We perform the axisymmetric
model fit to the mock data, taking into account the observed
uncertainty with MC sampling as described in Section 3. We
use the same R0 and Ω⊙ priors as our fiducial model fit in
Section 4.
Marginalised posterior probability distribution of the
parameters are shown in Fig. 5 and the results are sum-
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Figure 5. Marginalised posterior probability distribution of the MCMC fit to the axisymmetric disc mock data. The lines indicate the
input parameters.
Table 2. Results of the MCMC fit to axisymmetric disc mock data
Input Model DMsys = −0.1 mag DMsys = +0.1 mag
Vcirc(R0) (km s
−1) 236 236 ± 3 236 ± 3 235 ± 3
V⊙ (km s
−1) 12.4 12.3 ± 0.8 12.2 ± 0.7 12.3 ± 0.8
VR,⊙ (km s
−1) −7.7 −7.0 ± 0.9 −6.7 ± 0.9 −7.4 ± 0.9
σR(R0) (km s
−1) 13.0 13.3 ± 0.6 12.9 ± 0.6 13.7 ± 0.6
(σφ/σR)
2 0.6 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.1
R0 (kpc) 8.2 8.2 ± 0.1 8.2 ± 0.1 8.2 ± 0.1
dVcirc/dR (km s
−1 kpc−1) −3.6 −3.2 ± 0.6 −3.6 ± 0.6 −2.9 ± 0.6
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Figure 6.Map of the local centrifugal velocity, Vc(x, y), defined in
equation (11), at different positions in the disc over-plotted with
contours of the over-density of stars. The positions indicated with
the empty star symbols are the location of the observers chosen
for our mock data. The numbers indicate the angles in Fig. 8.
marised in Table 2. Table 2 also shows the input param-
eters used for creating the mock data. All parameters are
recovered well within their 1 σ uncertainty. The uncertain-
ties from the model fit to the mock data are also similar to
those in the fiducial model results for the real data in Ta-
ble 1. This validates that our method provides the expected
quality of the results from the number and accuracy of the
distances and velocities in our Cepheids sample. The strong
correlation between Vcirc(R0) and R0 is also seen in the mock
data results in Fig. 5.
The distance modulus measured for Cepheids could
be affected by systematic uncertainties of about 0.1 mag
(Inno et al. 2013). To evaluate the effect of such systematic
uncertainties on our results, we added a systematic offset of
DMsys = +0.1 mag and of DMsys = −0.1 mag to the distance
modulus of the mock data and then fit without taking this
offset into account. Our axisymmetric model fit results in
these two cases are shown in Table 2, where the DMsys = −0.1
(+0.1) mag case corresponds to the result for the mock
data whose distance moduli were decreased (increased) by
0.1 mag. Table 2 shows that all parameters are still recovered
reasonably well. There are some systematic trends, because
the offset DMsys = −0.1 (+0.1) leads to underestimated (over-
estimated) distance and proper motion. VR,⊙ and σR(R0) be-
come smaller (larger) for DMsys = −0.1 (+0.1), which means
that the radial velocity is more sensitive to the proper mo-
tion, compared to the line-of-sight velocity. Also, dVcirc/dR
becomes higher (lower) for DMsys = −0.1 (+0.1), because the
distance is underestimated (overestimated). Still, the results
provide a reasonable recovery, and this demonstrates that a
systematic distance uncertainty of 0.1 mag does not affect
our results significantly.
Figure 7. Distribution of all (left panel) and selected (right
panel) star particles whose age is between 20 and 300 Myr. The
x-y coordinate is the same as Fig 6, and the panels are centred
at the assumed solar location, (x, y) = (−8, 0).
6 FITTING MOCK DATA FROM AN
N-BODY/SPH MILKY WAY-LIKE
SIMULATION
The Galactic disc is not purely axisymmetric. The mo-
tions of stars are affected by non-axisymmetric structures,
such as the bar and spiral arms (e.g. Lynden-Bell & Kalnajs
1972; Dehnen 2000; Baba et al. 2009; Grand et al. 2012a,
2014; Di Matteo et al. 2013; Bovy et al. 2015). Gravita-
tional forces in the disc plane are also affected by the non-
axisymmetric structures. Therefore, Vcirc obtained using our
axisymmetric model fit to the local Cepheids sample is likely
not exactly the circular velocity, but the rotation velocity re-
quired to explain the local kinematics, when it is assumed
to be a part of an axisymmetric disc. In other words, this
rotation velocity is a rotation speed required to balance the
local radial gravitational force. We call this rotation velocity
the “local centrifugal speed”, which can be described as
Vc(x, y) = [FR(x, y)R(x, y)]
1/2, (11)
where FR(x, y) is the gravitational force in the radial direc-
tion toward the Galactic centre at the position of (x, y) in the
Galactic plane. The local centrifugal speed can be different
at the different azimuthal angles even at the same Galacto-
centric radius (Chemin et al. 2015, 2016; Trick et al. 2017).
In this section, we discuss what the local centrifu-
gal speed obtained by our axisymmetric modelling for
the Cepheids kinematics means, applying the axisymmet-
ric model fit to particle data from a numerically simulated
disc galaxy similar to the Milky Way. We use the same snap-
shot data as the DYN model at t = 2.62 Gyr in Baba et al.
(2018). This is a Milky Way-like disc simulation with
an N-body/SPH code, ASURA, with self-gravity, radiative
cooling, star formation, and stellar feedback (Saitoh et al.
2008; Saitoh & Makino 2009, 2010). This particular snap-
shot shows a clear bar component and m = 2 spiral arms,
and Baba et al. (2018) showed that the motion of young star
particles around a Perseus-like spiral arm in the simulation
is similar to what is observed for the Genovali et al. (2014)
Cepheids sample with the Gaia DR1 proper motions.
Fig. 6 shows the local centrifugal speed at different posi-
tions around the disc and the contours show the over-density
of the stars, which clearly show the position of the bar and
spiral arms. Fig. 6 shows that the local centrifugal speed
changes significantly around the bar and spiral arms. Hence,
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Figure 8. Black filled circles with vertical error bars show the
results from our model fit for the young (left) and old (right)
star particles as a function of the azimuthal angle of the assumed
observer position. Red thick error bars indicate the fit results for
the mock Cepheid data (see the main text for more detail). Grey
solid lines indicate the true values from the simulation model, and
horizontal dashed lines indicate the mean of these values in the
top and 2nd panels. In the 3rd panel, the grey circles indicate the
assumed observer’s radial motion (grey dotted line) plus the mean
radial velocity of the sampled particles. In the 4th and bottom
panels, grey open circles with the horizontal error bars show the
true values.
the local centrifugal speed at different azimuthal positions
can be different even at a fixed radius. The observer posi-
tion used in Baba et al. (2018) corresponds to the position
of (x, y) = (−8, 0) kpc in Fig. 6, and we define this to corre-
spond to φ = 0 deg. Open star symbols in Fig. 6 show the
position at different φ at R = 8 kpc, and φ increases in the
anti-clockwise direction. The grey line in the top panels in
Fig. 8 indicates the local centrifugal speed as a function of
φ at R = 8 kpc. The horizontal grey dotted line shows the
azimuthally averaged centrifugal speed at R = 8 kpc. We can
see that the local centrifugal speed can be different by about
10 km s−1 from the averaged centrifugal speed.
We created mock Cepheids data from the simulation
snapshot by selecting the star particles whose age is be-
tween 0.02 and 0.3 Gyr similar to the estimated age range
of Cepheids (e.g. Bono et al. 2005). At φ = 0 deg, these
young star particles are distributed as shown in the left
panel of Fig. 7. It is obvious that the spatial distribution
of the young stars is not homogeneous. Instead, the parti-
cles are concentrated around the spiral arms, and there are
several clumps with different sizes. We applied our axisym-
metric model fit to these particle data, but because of this
biased sampling around the spiral arm, the model fit could
not recover the true local centrifugal speed. To mitigate this
problem, we have selected 1,000 particles randomly, but as
homogeneous as possible, which are shown in the right panel
of Fig. 7. This is further motivated by the fact that stars in
our Cepheids data sample are distributed reasonably homo-
geneously, as seen in Fig. 1. To select these particles, we
randomly selected a location within the distance of 3 kpc
from the observer position, and picked the closest particle
from the randomly selected location after eliminating the
particles already picked up. We have chosen a distance limit
of 3 kpc, because the majority of the Cepheids data in Fig. 1
are within 3 kpc from the Sun, and we found that the larger
distance limit breaks the axisymmetric assumption and pro-
vides worse results. We limited the number of particles to
1,000, because the particle resolution of the simulation al-
lows us to pick the young star particles randomly and rea-
sonably homogeneously up to around this number. We also
assumed that the observer at φ = 0 deg and R0 = 8 kpc was
moving with Vφ,⊙ = 235 km s
−1 and VR,⊙ = −10 km s
−1.
In our axisymmetric model fit, we assume hR = 20 kpc and
hσ = 20 kpc in equation (1), because this roughly matched
the density and velocity dispersion profile. As mentioned
above, we used the same hR and hσ for our model fit in
Section 4. We also apply the priors of R0,prior = 8.0 ± 0.1 kpc
and Ω⊙,prior = 235.0/8.0±0.12 km s
−1 kpc−1 similar to what
we did in Section 3.
The results of the axisymmetric model fit for these se-
lected young particles around the assumed observer position
of (x, y) = (−8, 0) are shown at φ = 0 deg in the left panel of
Fig. 8 (black filled circle with error bars). The top left panel
shows that the true local Vc at φ = 0 (grey solid line) is
slightly higher than the mean centrifugal speed (grey dot-
ted line), and our axisymmetric model fit (black filled circle)
recovers this local centrifugal speed well. More remarkably,
the left panel in the second row shows that the gradient of
Vc at φ = 0 is recovered very well, although the true local
gradient shown with the solid grey line is significantly differ-
ent from the azimuthally averaged dVc/dR (horizontal grey
dotted line). The left panel in the third row shows the re-
sult for the radial velocity of the observer, VR,⊙ , for which
the true value is −10 km s−1 (grey dotted line). Our model
fit assumed that the mean radial velocity of the sample,
〈VR〉, is zero, but if there is non-zero 〈VR〉, the fit result
provides 〈VR〉 + VR,⊙ . Therefore, this panel shows the true
〈VR〉 + VR,⊙ = 〈VR〉 − 10 km s
−1 from the simulation data as
an open grey circle with horizontal error bar. Our model fit
result is shown with black filled circle with error bars. The
mean radial velocity of the φ = 0 deg sample happened to be
close to zero, and our model fit result recovered the assumed
VR,⊙ very well. The left panel in the fourth row shows the
result of σR for the sampled star particles. The measured σR
from the simulation data is shown with an open grey circle
with horizontal error bars. Our model fit result is shown with
a black filled circle with error bars (vertical error bars are
not visible, because the inferred uncertainty in σR from our
model fit is very small), which reproduces the true velocity
dispersion very well. The square of velocity dispersion ratio,
(σφ/σR)
2, is also recovered well at φ = 0 deg in the bottom
left panel. Again, the true (σφ/σR)
2 measured directly from
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the particle data is shown with grey open circles with hori-
zontal error bars, and the model fit results are shown with
black filled circles with error bars.
Because the local centrifugal speed depends on the az-
imuthal angle even at a fixed radius as shown in the top left
panel of Fig. 8, we apply the same exercise at different az-
imuthal positions at R = 8 kpc, as indicated with open star
symbols in Fig. 6. We sampled 1,000 young star particles
with age between 20 and 300 Myr randomly and spatially
homogeneously within a distance of 3 kpc from the observer
after placing the observer position at different φ. Then, we
apply our axisymmetric model fit to the sample, assuming
the same observer’s rotation speed of Vφ,⊙ = 235 km s
−1
and radial motion of VR,⊙ = −10 km s
−1. The results and
comparison with the true values from the simulation data
are shown in the left panels of Fig. 8. Interestingly, the lo-
cal centrifugal speed, Vc, is well recovered at the different
φ. The deduced local centrifugal speed is underestimated at
φ = −45 and −90 deg, but considering the angle covered by
the tracer sample, it is not much more than a 1σ differ-
ence. The successful recovery of the local centrifugal speed
at different φ in this complex simulation with our simple ax-
isymmetric model is encouraging. This means that applying
an axisymmetric model to a relatively small region of the
disc area can be valid to recover the local centrifugal speed.
The left panel in the second row shows that the radial
gradient of centrifugal speed, dVc/dR, is also recovered rea-
sonably well at φ ≤ 0 deg, while it is struggling at φ ≥ 90 deg.
We find that the recovery of dVcirc/dR is worse, where Vcirc
changes non-monotonically, and shows a significant oscilla-
tion within ±3 kpc range in radius, because of the spiral
arms. The rest of panels show the reasonable agreement be-
tween true values and deduced values. However, (σφ/σR)
2
is significantly lower at φ = −90 deg, where the spiral arm
is affecting the velocity distribution. Still, the local centrifu-
gal speed and the gradient is recovered well at φ = −90 deg.
This also indicates that our axisymmetric model fit provides
a more robust estimate of the local centrifugal speed than
of the other parameter values.
Interestingly, for the Sun-like location, φ = 0, all values
are very well recovered. This location is between the two
strong spiral arms, like the Perseus and Scutum-Centaurus
arms in the Milky Way. The simple axisymmetric model
works reasonably well at such a location.
We made more comparable mock data to our Cepheids
data by sampling the position and velocities of the young
(20 < Age < 300 Myr) star particles nearest to the observed
position of 218 Cepheids used in Section 4 after placing the
observer position at different φ and R0 = 8 kpc. We then ap-
plied our axisymmetric disc model to the mock data, taking
into account the same observational errors as the Cepheids
data closest to the corresponding particle. The results are
shown with red open square with the error bars in the left
panels of Fig. 8. The results show larger errors than when
we use all the particles with no errors (black filled circle).
The local centrifugal speed is overestimated at φ = 0 deg by
6.2 km s−1, which is larger than the statistical uncertain-
ties of 3.2 km s−1. This indicates that caution is necessary
when interpreting the results from our Cepheid sample re-
sults. Still, our model fit results recover the true parameter
values within 1σ uncertainty or slightly more. In fact, Fig. 1
shows that our Cepheids sample are distributed reasonably
randomly, which must also help our good recovery of the
true parameter values.
We further perform the same exercise for a sample of
1,000 stars selected randomly in the same way as we did for
the young star particles, but for star particles whose age is
between 3.5 and 5 Gyr. Note that the simulation snapshot
used is at t = 2.62 Gyr. In the initial condition, the forma-
tion time, tform, of the star particles are randomly assigned
between −5 and 0 Gyr, and the age was calculated by age
= 2.62 − tform Gyr. Hence, these particles are star particles
that are part of the initial condition with the axisymmetric
particle density distribution. Also, note that as shown later,
the radial velocity dispersion of this old star sample is about
60 km s−1, which is as high as the thick disc population in
the Milky Way. Therefore, the selected star particles do not
constitute a representative sample of stars with a similar
age in the Milky Way, but they rather represent the older
stars similar in age to the oldest stars in the Milky Way disc.
Hence, we simply call this sample “old stars”.
The results for the old stars are shown in the right pan-
els of Fig. 8. As in the left panels, the true values from the
simulations are shown with grey lines or symbols, and our
model fit results are shown as black filled circles with error
bars. The model fit results show less variations with φ. For
the local centrifugal speed, the model fit results for the old
stars provide a similar local centrifugal speed to the average
centrifugal speed or slightly higher than that. The results
are not sensitive to the fluctuations of the local centrifu-
gal speed with φ, because of the large velocity dispersion of
the old stars. These results indicate that the old stars with
large velocity dispersion are a good tracer to recover the az-
imuthally averaged properties of the disc, and that they are
not too sensitive to the local perturbations like spiral arms.
However, the gradient of the centrifugal speed is completely
off from the mean and from the local gradient values, except
at φ = 0 deg. This may not be surprising, because as shown
in the top right panel of Fig. 8, the old stars’ kinematics are
insensitive to the variation in the local centrifugal speed.
Even for the old stars, the mean radial velocity can be
non-zero at some locations in the disc, which are indicated
by the difference between the grey open circle and the hori-
zontal dashed line in the plot of 〈VR〉+VR,⊙. This means that
unless 〈VR〉 is independently measured by another method,
the local velocity distribution fit only provides 〈VR〉 + VR,⊙
and it is difficult to recover the true VR,⊙ in the Galactocen-
tric rest frame.
From the results of this section, we conclude that young
stars are good tracers for the axisymmetric model fit to re-
cover the local centrifugal speed at different locations in the
Galactic disc. Cepheid variables provide the ideal sample of
young stars within a tightly constrained age range. How-
ever, their number density is not large and it would be diffi-
cult to increase the sample size by a factor of 5 or more, as
used in this section. Hence, we think that the young dwarf
stars would be a good tracer population for this purpose.
The Gaia DR2 provides accurate distances and proper mo-
tions for many young dwarf stars. For example, A-type dwarf
stars are expected to be younger than 1 Gyr, and have a
small enough velocity dispersion for this application. Ap-
plying the axisymmetric disc model locally to the A-type
dwarf stars in Gaia DR2 would be an alternative way of re-
covering the local centrifugal speed at the solar position and
MNRAS 000, 1–13 (2017)
12 D. Kawata et al.
also at different Galactocentric radii and azimuths. Unfor-
tunately, the line-of-sight velocity, Vhelio
los
, of the A-type stars
are not available in the Gaia DR2 data, because of the high
effective temperature of A-type stars. Therefore, this would
require us to combine the Gaia DR2 parallax and proper mo-
tion measurements with existing spectroscopic survey data
or apply the axisymmetric model to only the longitudinal
velocities, Vhelio
glon
.
7 SUMMARY AND DISCUSSION
We determined the local centrifugal speed, Vc, defined as
a rotation speed required to balance the local radial grav-
itational force, and its radial gradient from 218 Galac-
tic Cepheids whose accurate measurements of the distance
and velocities are obtained by cross-matching the existing
Cepheids catalogue with the Gaia DR2 data. Our axisym-
metric disc model fit also provides the Sun’s radial and az-
imuthal velocity, and the velocity dispersion of the sample
of stars.
Assuming strong priors on the solar radius, R0 = 8.2 ±
0.1 kpc, and on the angular rotation velocity of the Sun,
Ω⊙ = 30.24 ± 0.12 km s
−1 kpc−1, we have obtained Vc(R0) =
236 ± 3 km s−1, V⊙ = Vφ,⊙ − Vcirc(R0) = 12.4 ± 0.7 km s
−1,
VR,⊙ = −7.7±0.9 km s
−1, σR = 13.0±0.6 km s
−1, (σφ/σR)
2
=
0.61 ± 0.09 and dVcirc/dR = −3.5 ± 0.5 km s
−1 kpc−1. Here,
VR,⊙ is positive in the outward direction. For the more con-
ventional definition of the solar radial motion, U⊙ , whose
positive direction is inward, this is equivalent to U⊙ =
7.7 ± 0.9 km s−1. These results are consistent with those of
Bobylev (2017) who used a similar set of Cepheids data, but
a different model fit. Our model provides σR and (σφ/σR)
2,
which are not fitted in Bobylev (2017).
Because this circular velocity is deduced with modelling
of a relatively local sample of young disc stars, we call this
the ‘local centrifugal speed’ in this paper. This speed is de-
fined as Vc(x, y) = [FR(x, y)R(x, y)]
1/2, where FR(x, y) is the ra-
dial gravitational force at the position (x, y) in the Galactic
plane. Using an N-body/SPH simulation of a Milky Way-
like disc galaxy and locating a mock observer at different
azimuthal locations around the Galactic disc at a fixed ra-
dius similar to the solar radius, we demonstrate that our
axisymmetric model fit to the sample of young stars within
3 kpc from the observer recovers the local centrifugal speed
at the location of the observer well. This can be different
from the azimuthally averaged centrifugal speed at the ra-
dius, because the bar and spiral arms lead to different radial
forces, FR(x, y), at different azimuthal locations even at the
same Galactocentric radius. The local centrifugal speed and
the other Galactic parameters are recovered well, only when
we used young star particles whose age is as young as clas-
sical Cepheids, and also when we selected the particles ran-
domly in a spatially-homogeneously manner. We also find
that the local centrifugal speed deduced from our Cepheid
sample could suffer from a systematic uncertainty as large
as 6 km s−1, which is larger than the statistical uncertainty.
This is an encouraging result and suggests that the sim-
ple axisymmetric model approximation is valid when using
the sample of young stars within a small volume with a
radius of 3 kpc to deduce the local centrifugal speed. The
model fit result at different locations in the Galactic disc
can thus provide the variation of the local centrifugal speed,
which would be valuable information to understand the in-
fluence of the bar and spiral arm on the local gravitational
field and stellar motions.
The final data release of the Gaia data will provide
accurate positions and velocities for different kinds of stel-
lar populations in a large volume of the Galactic disc. It
is promising that advanced Galactic dynamical modelling
(e.g. Bovy & Rix 2013; Sanders & Binney 2015; Trick et al.
2016) will uncover the circular velocity profile of the az-
imuthally averaged Galaxy. N-body based Galaxy modelling
can take into account non-axisymmetric structures and is
expected to reveal the structure of the bar and possibly
the spiral arms (Hunt et al. 2013; Hunt & Kawata 2014;
Portail et al. 2017). We think that applying the simple ax-
isymmetric model to different regions of the Galactic disc in
the Gaia data would be a simpler alternative way of provid-
ing the local centrifugal speed and its radial gradient. The
model is simpler than the advanced methods listed above.
However, a simpler model is often useful to validate a more
complicated advanced model. Hence, we believe that this
model would be also useful for studying the properties of the
Galactic disc with the Gaia data. This paper also demon-
strates that applying the model to mock data from Milky
Way-like simulated galaxies is an important ingredient to
understanding the limits of dynamical modelling.
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